ABSTRACT
INTRODUCTION
In agriculture, energy recovery from biogas produced during the anaerobic digestion of biomass is an environmental and economic opportunity that should be enhanced through optimal management of the plant. The fundamental objective of any process control strategy is to maintain optimum operating conditions. In the case of anaerobic digestion, this concept becomes particularly significant because the phase that controls the entire process, methanogenesis, is very sensitive to environmental changes Cecchi et al. (2005) . The monitoring of anaerobic digestion is a difficult, complex, multi-variate process, with few reliable on-line sensors (i.e., sensors that monitor the process constantly) available for the measurement of important parameters. It should be noted that these parameters must be analyzed comprehensively: the observed variation of a single parameter, unless accompanied by the complete monitoring of all other parameters, is difficult to interpret Cecchi et al. (2005) . Thus, the control of a biological process through the detection and interpretation of appropriate parameters provides basic guidelines on how to manage and adapt the feed compared to the stability and productivity of the plant. In fact, feeding is the most important means by which the operator of the plant can control productivity. Agricultural-scale anaerobic plants are generally managed on the basis of general directions and periodic analyses. Management support systems based on simple and easily collected information are then able to indicate the feeding strategy to adopt and maintain adequate organic loads and stability, which could improve the performance of the energy production plants. One possible approach to developing such a tool is the use of fuzzy logic, which has already been widely used and validated as a control strategy in the same context (Carrasco et al. 2002 (Carrasco et al. , 2004 Guwy et al. 1997; Muller et al. 1997; Murnleitner et al. 2002; Polit et al. 2002; Pullammanappallil et al. 1998; Punal et al. 2001 Punal et al. -2003 Scherer et al. 2009 ).
For this reason, we have developed a management support system based on fuzzy logic. This system inputs information regarding the plant that is widely available (i.e., feeding, biogas yield and the percentage of methane in the biogas). The outputs of the system support the operator in adjusting the feeding strategy to maintain the stability and productivity of the digester. This paper describes a simple management support system based on fuzzy logic and the results of its assessment in a full-scale operation.
MATERIALS AND METHODS

Plant monitoring
The model, reported in the next paragraph, has been assessed in a full-scale biogas plant monitored for nine months (january-september). The plant under study belongs to the CSTR (continuous stirred tank reactor) category and operates in the mesophilic range. It is fed with silage (lolium, triticale, maize and sorghum) and rice chaff. The plant was monitored by filling out a daily form containing the most important parameters registered by the power board such daily power production, biogas consumption, digester temperature, percentage of methane contained in the biogas, feeding rate (m³*d ‾¹ , the daily amount of biomass put in the digester), composition of the daily feed (quality and quantity of each biomass used).
Implementation of the model
No complex mathematical relationships are required to develop fuzzy logic applications. These application are also conceptually easy to understand, flexible and tolerant of imprecise data, and allow the modeling of complex non-linear functions. Application based on fuzzy logic may be developed based on the experience of experts and may also be mixed with conventional control techniques. The use of a rule base in the frame of fuzzy logic allows the translation of the values of the variables measured into linguistic labels given by membership functions. The membership functions give a degree of membership to a fuzzy set for a given input numerical value and set the output value. The rules represent expert knowledge in a computable way Punal et al. (2001) .
Model calibration
To realize the membership functions, we used data that were collected during plant monitoring and determined the mean of each parameter; minimum and maximum values were defined, and a confidence interval with a significance level of 5% was calculated. Values resulting from abnormal situations caused by technical problems that were independent of biological stability were removed from the data set. For each parameter, a moving average of seven days was calculated to absorb insignificant shock and maintain a daily memory of operations that had been previously undertaken. The same values has been used for the defuzzification of the model outputs.
Model Assessment
The model was developed using the Toolbox Fuzzy Logic from Matlab® software. The model returns the daily changes, to be made to the feeding rate and to the quantity and quality of the organic matter of feed. Results provided by the model were compared with the plant condition. For each day of monitoring, we evaluated the indications supplied by the model as indicated by the three output parameters. To do so, we compared each output parameter with its the corresponding input parameter. By doing so, it was possible to gain a general overview of the digester and the necessary interventions to maintain or re-establish the optimal production levels.
MODELING
The model was implemented using as input, five parameters: OLR -organic loading rate (kgOM*m‾³digester*d‾¹) to quantify the organic matter contained in the feed; ABP -anaerobic biogasification potential (m³potential biogas*kg ‾¹ OM) to specify the quality of the organic matter introduced into the digester; Feeding Rate (m‾³feed*d‾¹) completes the overview of the feeding dilution; GPR -gas production rate (m³biogas*m -³digester*d‾¹) supplies information regarding the production conditions of the digester; %CH 4 -percentage of methane contained in the biogas, is both a stability indicator and a production indicator. The output parameters are the OLR, ABP and feeding rate, but their values will be provided by the model as a limit to be respected to maintain or re-establish the stability and productivity of the digester. After choosing, each input parameters must be fuzzified through the construction of membership functions. The fuzzification phase of the inputs allows the real values assumed by the parameters to be converted to linguistic fuzzy values. Three triangular membership functions have been used for each input, representing low, medium and high values ( Figure 1 ) and for each output (increase, not change, decrease). After fuzzyfication the rules are defined. A fuzzy rule base system is constructed that connects the input variables to the output variables by means of if-then rules. Given particular values of the input variables, the degree of fulfillment of a rule is obtained by aggregating the membership degrees of these input values into the respective fuzzy sets.
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The fuzzy output is determined by the degrees of fulfillment and the consequent parts of the rules Adriaenssens et al. (2004) . An example of a rule designed for model is as follows:
IF OLR (high) & ABP (high) & feeding rate (low) & GPR (not low) & CH4% (not high) THEN OLR (decrease) & ABP (decrease) & feeding rate (increase).
Finally with defuzzification, it is possible to obtain from the output parameters a resulting value that indicates necessary feeding changes and their amount, in terms of OLR, ABP and Feeding Rate.
RESULTS AND DISCUSSION
Plant monitoring
The data collected during monitoring have allowed to assess the functioning of the plant. The average ABP of the feeding was calculated to be about 0.572 m³ biogas*kg OM‾¹, with a feeding rate of 21.5 m 3 . The values assumed by the process management parameters OLR (3.62 kgOM*m -3 *d -1 ), GPR (2.52 m3biogas*m -3 digester) and Percentage of methane in the biogas (53.2%) given plant performance agreed with literature values (Bauer et al. 2009; Cavinato et al. 2010; Cecchi et al. 2005) . During the monitored period, it is possible to identify two different run critical times. First, from late January to mid-May. During this period, the process slowed down as shown by a moderate increase in the percentage of methane in biogas and the pH of the digester contents. At the same time, there was a decrease in the OLR, ABP and Feeding Rate. The second digestion regime occurred from mid-May to late June and was marked by a slight overload evidenced by a decrease of methane in the biogas, an increase in VFA and a decrease in the pH of the digester contents. At the same time, the OLR and Feeding Rate increased and the ABP decreased due to the increased use of silage with the considerable decrease in the availability of rice chaff.
Model calibration and assessment
The mean, minimum and maximum values used for calibration of the membership functions are reported in Figure 1 . The output values (OLR/output, ABP/output and Feeding Rate/output) provided from the model are shown in Figures 2-4 . This values were verified by comparing them with the behavior of the plant, in particular, the input values of the model (OLR/input, ABP/input and Feeding Rate/input, i.e., the values derived from the monitoring of the plant). Overall, we observed that every time the input parameters assumed values that were not close to the average and therefore potentially problematic, the model either responds by appropriately changing the output parameters or does not make changes if the situation appears to be stable. The following are some examples that confirm the potential of the model in managing anaerobic digestion. On March 10, the model produced output values of OLR (Figure 2 ) and Feeding Rate (Figure 4 ) far exceeding those of the input. This was justified by the low values of input from the methane content of the biogas, indicative of a slowing of the anaerobic digestion. On June 7 the output values of OLR (Figure 2 ) and Feeding Rate (Figure 4 ) was characterized by input values of OLR and Feeding Rate that were too high and accompanied by concentrations of methane just below average, and so symptoms of instability and a tendency to overload were observed. On May 25, the output of OLR indicates that the model corrected the value of the input slightly, despite the low values of GPR and methane content in the biogas. This is explained by the fact that the input values of ABP (Figure 3) and Feeding Rate are low, because on this day the ABP rose slightly while the extent of the output proposed by the model indicated a condition of instability. During the first days of July, the output of the ABP decreased, apparently incomprehensibly ( Figure 3 ). This was due primarily to the high value of the input, the low concentrations of methane and high value of GPR, but also due to the fact that the low OLR and the Feeding Rate were just above the average, which did not give the model alternative ways of handling the overload. 
CONCLUSIONS
The main characteristic of the developed model is its simplicity and thus its applicability to full-scale farm biogas plants. Together with the advantages of fuzzy logic, it uses parameters that are easily obtainable in practice. The developed management support system appears to provide the correct and proportionate indications to modify the feeding to restore or maintain optimal digester conditions. At present, the model can effectively support the management of biogas plants, but more test and further validation of the system are required in different plants to implement the model in a process control device.
